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By Adam E. Sobolewski,  Robert R. Miller, and John E. McAulay 

Data were obtained for three  single-annular  type combustors with 
d i f fe ren t  combustor inlet-ai r   pressure  prof i les  over a range of engine 
speeds a t  an a l t i t ude  of 30,000 f e e t  and 8 flight Mach llumber of 0.62. 
The combustors wlth a lower  percentage of to ta l   ho le  area a t  the inner 
wall had a higher  combustor-outlet  temperature  profile near the  inner 
wall than the   cabus to r  with equal  hole-area  distributions;  the con- 
verse was true  near  the  outer wall. As the  combustor inlet-ah? 
pressure p r o f n e  was lowered (corresponding t o  a reduction in air 
flow) a t  the inner portion of the passage  height, the combustor- 
out le t  temperature prof i le  near the  inner wall wa8 raised. S h i l a r  
trends were encountered near the  outer wall. Combustor pressure-loss 
coefficient w a ~  not  affected by hole-area  distribution  but was affected 
by t o t a l  hole area and in l e t - a i r  pressure profile.  For combustors with 
t o t a l  hole areas of 877 and 809 s q t r e  inches, the pmssure-loss 
coefficients were 10.8 and  12.4,  respectively, a t  a combustor density 
r a t i o  of 2.2. For changes in inlet -a i r   pressure  prof i le ,  the pressure- 
loss coefficient  varied from 1 0 . 8 t o  15.8, at a dens i ty   r a t io  of 2.2. 
There was no discernible   effect  of the aforementioned variables on 
combustion efficiency. 

Combustor performance data were a l so  obtained with the campressor- 
combustor configuration of the turbojet  engine  designated  the  proto- 
type J40-WE-8. These data  were obtained over a range of a l t i t udes  from 
15,000 t o  55,000 f e e t  and flight Mach numbers from 0.17 t o  0.99. For 
the prototype J40-WE-8 turbojet-engine combustor, cambustion efficiency 
a t  a corrected engine speed of 7600 r p m  decreased from 0.98 a t  an 
a l t i t ude  of 15,000 f e e t   t o  0.83 a t  an a l t i t ude  of 55,000 f e e t  a t  a 
f l i g h t  Mach number of 0.62 and open exhaust-nozzle  axe8  (area of 
534 sq i n . ) .  
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A good correlation was obtained when combustion efficiency was 

presented as a f’unction of a combustion parmeter  and engine fuel-air  
r a t i o .  These data indicated that a t  values of canbustion  parameter - 
below 34,000 p~unds-~R-second  per  cubic  foot there m s  a fue l -a i r  
r a t i o  that resul ted  in   an optimum combustion eff ic iency  for  a given 
value of combustion parameter. 

IKCRODUCTION 

An invest igat ion  opthe performance of the  XJ40-WE-6 turbojet  
engine i n  the NACA Lewis a l t i t ude  wlnd tunnel  disclosed that the 
engine  operated with ccmpressor  surge and a combustor-outlet  tempera- 
ture  inversion  within the desired  operating speed  range. AB & r e su l t  
of changes made i n  the se t t i ng  of the blades in the compressor and a 
study of  the configuration of the ccanbustor, conducted i n  cooperation 
w i t h  the  engine  manufacturer, the ccanpreseor surge was displaced  out 
of the  operating speed range and the  cambustor-outlet  temperature 
inversion was corrected. These r e su l t s  are reported i n  references 1 
and 2 .  

In  correcting  the  combustor-outlet  temperature  inversion,  three 
single-annular-type CombuBtOr8 having slightly  different  air-paasage 
geometry were evaluated on the engine.  Correcting  the compressor 
surge by making changes t o  the  blade settings r e s u l t e d  in different  
in le t -a i r   p ressure   p rof i les   a t  the i n l e t   t o  the C0mbU8tOrs and made 
possible a determination of the  effect  of inlet-ai r   pressure  prof i le  
on combustor gerfomnance. Th i s  invss t iga t im was conducted over a 
range of engine speeds, a t  an   a l t i tude  of 30,000 fee t ,  and a flight 
Mach number of 0.65. 

The XJ40-WE-6 engine  having the improved compressor and combuation- 
chamber configuration was designated the prototype J40-GIE-8 turbojet  
engine  without an afterburner. Combustor performance data on the 
prototype J40-WF,-8 engine were obtained over a rang? of a l t i tudes  from 
15,000 t o  55,000 feet, f l i g h t  Mach numbers f’rm 0.17 t o  0.99, and 
over a range of engine  speeds a t  f i v e  fixed  exhaust-nozzle areas. 
These combustor data  constituted  the first evaluat ion  in  an a l t i t ude  
f a c i l i t y  of  the performsnce of a single-annular combustor with 
spring-loaded  variable-area fuel nozzles  operating as an integral  
component of a turbo jet  engine. 

Combustor data are  presented  herein  to show the  correlation of 
Combustion efficiency with engine fuel-air r a t i o  and a cambustion 
parameter expressed i n   t e r n  of  inlet variables P4T4/Vb. ( A l l  
symbols used i n   t h i s   r e p o r t  are given in appendix A.)  
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- The perfomnance of the  prototype J40-WE-8 turbojet-engine  combustor 
and  three  other  different types of combustors  are  compared  herein by 

ratio  and  combustion  parameter P4T4/Vb for  the  different  combustors. 
- data  which shows the  variation  of  combustion  ef'ficiency with fuel-air 

APPARATUS 

The turbojet  engine used at  the  start of thie  investigation was 
designated  the XJ40-WE-6. Subsequent  compressor  and  combustor  configu- 
rations  resulted in the  prototype J40-WE-8 turbojet  engine  without 
afterburner  (fig. 1). A manufacturer's  rating f o r  the  prototype 
J40-WE-8 turbojet  engine  is  not  available  at  the  present  time; 
however, its  rating  would  be  similar to the  rating of the XJ40-WE-6 
turbojet  engine,  which had a static sea-level thrust of 7500 pounds 
at an engine  speed of 7260 rpm and a turbine-inlet  temperature of 
1425O P (1885O R ) .  At thie  operating  condition  the air flaw was 
approximately 142 pounds  per  second,  and  the  combustor-inlet  total 
pressure,  total  temperature,  and  velocity  (based on the maximum 
cross-sectional area of  the  combustor, 6.40 sq ft)  were 10,600 ponds 
per s q w e  foot  absolute, 870° R, and 101 feet per second,  respectively. 
The principal  components of the  engine were an eleven-stage axial-flow 
campressor, single-mular combustor,  two-stage  turbine,  diffuser,  and 
variable-area  exhaust  nozzle. 

I 

A number of different  compressor  configurations  were  obtained in 
the  canpressor  development  program, and data  were  selected  for  pre- 
sentation herein from  three  ConfigLrmtions. These configurations, 
which were designated  compressors 1 to 3, were  chosen  because  they 
provided a wide range of  combustor  inlet-air  pressure  profiles. 

Cambustors 

Combustion  data w e r e  obtained  with  three  combustors  (supplied by 
the  manufacturer)  which mre of the  single-annular  type,  differing 
only in  the  perforations in the  inner  and outer walls of the  combustor 
basket  and in some  mechanical  strengthening  features. These com- 
bustors  had a maximum cross-sectional  area of 6.40 square  feet. The 
CoIDbUBtO333,  designated A, B, and C, are shown in figures 2, 3, and 4, 
respectively. A cross  section of the  combustors  and a developed 
sketch of an element of surface fromthe combustor  baskets for each 

total hole area with combustor  length for the  three  combustors is 
presented  in  figure 6. The total hole area includes the  area of the 

of the  three  combustors  are s h m  in  figure 5. The variation  of 

d 
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opening8 shown i n  figure 5 and the  various  circumferential openings 
located a t  the Inner and outer walls of the combustor. As shown i n  
figure 6, the  total   hole   area for combustors A and C w a s  796 and 
877 square inches,  respectively; however, ap-proxhately  the same 
percentage of hole area was provided a t  the  inner and outer walls of 
the  canbustor  basket. The d is t r ibu t ion  of to ta l   ho le  area was 
46.5 percent a t  the inner wall and 53.5 percent a t  the  outer wall. 
Combustor B, which had a t o t a l  hole  area  approximately  the a m  as 
combustor A, had equal area dis t r ibut ion a t  the inner and outer  walle 
of the combustor basket. 

The sp l i t t e r  ( f ig .  5) divided  the a i r  flow entering  the combustor 
i n to  two annular  passages formed by the  combustor basket and the 
inner and outer walls of the combustor.  Engine f u e l  was admitted 
and sprayed downstream in the  cmbustor  through 16 spring-loaded 
variable-area nozzles located a t  the upstream end of the canibuetor. 
Through the combined action  of.an  engine-fuel  distributor,   equalizing 
valves, and spring-loaded  vftriable-area nozzles, the  f u e l  flow through 
each of the 16 nozzles was maintained equal a t  a l l  fue l f lows .  

The engine was mounted on a wing section that spanned the 
20-foot-diameter tes t   sec t ion  of the   a l t i tude  wind tunnel  (f ig.  1). 
Dry refrigerated air w a s  supplied t o   t h e  engine from the  tunnel 
make-up air  system  through a duct connected t o   t h e  engine inlet. 
Throttle  valves were instal led i n  the duct  to  permit regulaticm of 
the preseure a t  the inlet of the engine.  lnstrumentation for 
measuring pressures and temperatures was imta l led   a t   var ious   s ta t ions  
in   the engine (f igs .  7 and 8 ) .  Ten sonic probe  thermocouples, which 
could be traversed  radially, were used a t  the cclmbuetor-outlet 
s t a t ion  (fig. 8(c))  to  obtain  temperature profileB. 

PRO- . .  

Dry r e f r ige ra t ed   a i r  m a  supplied t o   t h e  engine a t  the standard 
temperature fo r  each flight condition w i t h  the exception that the 
minimum temperature obtained m e  about -20° F (440° R). The air, a t  
approximately  sea-level  pressure a t  the entrance of the make-up 
a i r  system, was throt t led t o  a to ta l   p ressure  a t  the  engine  inlet 
corresponding to   the  desired flight candition,.with complete 
free-stream ram pressure  recovery assumed. 

Combustor perfomnsnce data, showlng the  effect  of different 
combustor inlet-air   pressure  profiles and cmbustor  hole-area 
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c dis t r ibu t ion  on combustor performance, were obtained a t  an   a l t i tude  of 
30,000 feet ,   a flight Mach  number of 0.62, and over a range of engine 

- speed8 

The combustor of t h e   p r o t d q p  J40-WE-8 turbojet  engine, which 
coneisted of cmpressor 1 and comtjustor A, was investigated over a 
range of a l t i tudes  from 15,000 t o  55,000 fee t ,  flight Mach numbers 
f’rm 0.17 t o  0.99, a t  several  constant  exhaust-nozzle areas, and over 

m 
N 
0 

KI a range of engine speeds. 

Complete radial   surveys of the combustor-outlet  temperature  using 
the  sonic probe  thermocouples were obtained a t  rated  speed only. The 
engine f u e l  used was MIL-F-5624 a t  a temperature of about 80° F. This 
f u e l  had a lower heating  value of 18,700 Btu  per pound and a hydrogen 
t o  carbon r a t i o  of 0.171. The methods of calculation are presented 
i n  appendix B. 

Effect of Changing comb us to^ Inlet-Air  Pressure  Profile 

and Hole Geometry on Combustor Performance 

- The e f fec t s  on combustor performance  of inlet-ai r   pressure pro- 
f i l e s  and C ~ m b U s t O r  hole-area  distribution  are  discussed i n  terms of 

character is t ics ,  and (3) combustion efficiency. 
- (1) temperature  profile a t  the combustor out le t ,  (2) pressure-loss 

Combustor-outlet  temperature prof i les .  - The effect of di f fe ren t  
combuator configurations on combustor-outlet  temperature  profiles 
for operating  conditions at high and low engine  speeds is shown i n  
figures 9 and 10. A s  mentioned previously,  radial  temperature  surveys 
a t  the combustor ou t le t   ( s ta t ion  5, f ig .   8 (c ) )  were obtained only a t  
rated spped. It has been shown, however, that turbine-outlet tem- 
perature  profiles  (station 6, f i g .  8 ( d ) )  a r e  indicat ive of turbine- 
i n l e t  or combustor-outlet  temgerature  profiles;  therefore,  turbine- 
outlet  temperature  profiles  are  presented a t  reduced engine speeds 
(f ig .  9(d) and 10 (a) ) . In the  compariaon of the canbustor  configu- 
rations  the  canbustar inlet-air pressure  profiles (compressor outlet-  
a i r  pressure  profiles) a r e  the  same. Any change i n  combustor  perform- 
ance may therefore be a t t r i bu ted   t o  the difference in the  combustor 
hole geometry. Combustors A and B, which are comgared in  figure 9, 
have about the same t o t a l  hole  area,  but  different  hole-area  dis- 

for cambustors A and B was 46.5 and 50 percent,  respectively. A s  
shown in figure 9,. the  combustor-outlet  temperature  distribution was 

0 t r ibut ion.  The percentage  hole-area  distribution a t  the  inner wall 

. 
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affected by variations  in  hole-area  distribution, The ef fec t  of changes 
in  hole-area  distribution  at  the inner a d  outer walls was t o  cause  a 
radial   shif t  (due t o  a r e s t r i c t ion  o r  damming e f fec t )  in a i r  flow i n  - 
the region between the oampreersor out le t ,  where the combustor i n l e t -  
a i r  pressure  profiles were measured, and the   sp l i t t e r  (Fig. 5). The 
decrease in hole  area  at   the  inner wall f o r  ccmibustm A resulted  in 
lower a i r  flow and, therefore, high ccanbuator-outlet  temperatures  near 
the  inner wall. Conversely, combustor A had re la t ive ly  lower 
combustor-outlet  temperatures  near  the  outer wall. 

The combustors compared in   f igure  10 differ  both  in  hole-area 
dfs t r lbut ion and t o t a l  hole area. Combustor.B h a d .  a t o t a l  hole area 
of 809 square inches, 50 percent of which was ..located on the inner 
wall, and combustor C had a t o t a l  hole  area of 877 square inches, 
46.5 percent of which was located an the  inner wall. This l m r  
percent of t o t a l  hole area and a i r  flow a t   t h e  inner wall of cam- 
bus tor  C resulted in higher  combustor-outlet  temperatures  near  the 
inner wall a8 shown in   f igures  1O(b) and lO(d). The revere8 was 
again  true  at   the  outer wall. 

Although the changes i n  combustor-outlet  temperature  profile for 
the  different  cmbustors have been explained on the b a a i s  of t o t a l  
hole-area  distribution  at   the inner and outer walls, the   e f fec t  of 
ohmgee in the   axial  hole d i s t r i b u t i m  (f igs .  5 and 6 )  is also  an 
influencing  factor. It was not  possible, however, f rom the  data 
available t o  account for the  effect  of changes in  the  axial  hole 
dis t r ibut ion.  

N 
0, 
N 
07 

The ef fec t  of combustor inlet-ai r   pressure  prof i le  on combustor- 
outlet  temperature  profile is shown in figure 11. The spl i t ter   located 
a t   t h e  upstream end of the  cmbustor  (fig. 5) tends t o  d i rec t  the sir 
flow in  the  inner 55 percent of the paesage height towards the inner 
wall of the combustor and the remain- portion of t h e   a i r  flow 
towards the  outer wall. A s  ehown in  f igures  11 (a) and l l ( c )  the 
s h i f t  in  total-pressure  distribution  wlth change in  campreseor 
configmation  resulted  in a greater  percentage of t h e   t o t a l   a i r  
flow f o r  compressor 2 r e l a t ive  t o  compreseor 3 t o  be directed towards 
the inner wall of the cambustor. This effect   resulted in lower 
combustor-outlet  temperatures a t   t he  inner portion of the passage 
height and higher  temperatures at the  outer portion of the passage 
height for compressor 2 ( f igs .  I l ( b )  and l l ( d ) ) .  Thue, f o r  the 
aerie8 of cmbustors  investigated  the co3nbustor-outlet  temperature 
prof i le  was ehown t o  be influenced by the combustor inlet-ai r   pressure 
prof i le   as  well as  by the changes i n  combustor hole-area  distribution 
discussed  previously. 
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Pressure-loss  characterist ics.  - The effect  of canibustor configura- 
t ions  and combustor inlet-ai r   pressure  prof i les  on combustor pressure- 

there i s  considerable scatter in the da ta ,   par t icubzly  a t  low t o t a l  

c loss coefficient (Pq - Ps)/qb is presented in f igure 12. Although 

(0 densi ty   ra t ios ,  curves were fa i red through the points  wlth the aid of 
co trends  established f’rm data for other  configurations and from wind- cu 
(u m i l l i n g  engine t e s t e .  Conibustors A and E, compared in  figure 12 (a), 

have about the same to ta l   ho le   a rea   bu t   d i f fe r  in h o l e a r e a   d i s t r i -  
bution. As shown, in figure 12 (a} there was no apparent  difference i n  
pressure loss between the  two combustors. hnbus tors  B and C, having 
different  hole areas and hole  distributions,  are compared in  f ig -  
ure 12 (b) . The pressure loss is grea te r   for  ccolibustor B which had the 
smaller t o t a l  hole area. A t  a c0ns-t;an.t value of combustor density 
r a t i o  of 2.2, the  pressure-loss  coefficient 10.8 and 12.4 f o r  
combustors C and B, respectively. The data shar, therefore, that 
over the range of hole geometry investigated  the  pressure loss was 
independent of hole  area  distribution  (fig.  12(a)) and dependent on 
the to t a l   ho le  area ( f ig .  1 2  (b) ) . 

The ef fec t  of combustor in le t -a i r   p ressure   p rof i le  on combustor 
total-pressure-loss  coefflcient of combustor C is  sham in  
figure L2(c). The pressure l o s s  for the air-pressure  profile of 
compressor 2 was greater  than that obtained wlth ccmpreseor 3. A t  

15.8 for air-pressure  profiles of compressors 3 and 2, respectively. 
Since the  temperature  prof i l e a  s h m  in figures ll(b) and l l ( d )  
indicate that compressor 2 d i rec ts  a greater proportion of the air 
flow toward the ccanbustor inner wall than compressor 3, and a l so  that 
the  cmbustor inner wall had a lower  percentage of t he   t o t a l   ho le  
area than the  outer wall, the  pressure-loss  coefficient would tend 
t o  be greater f o r  the  air-pressure  profile of compressor 2. Thus, 
it is apparent that the  pressure-loes  coefficient is sens i t i ve   t o  
combustor inlet-air   pressure  profile;  however, it is not  possible to 
determine  precisely whether the  increase in pressure-loss  coefficient 
associated with compressor 2 was due ent i re ly   to   the  Increase in 
losses in mixing and turbulence in the cmbustor basket or in 
diffusion loss frat the combustor In l e t  (compressor o u t l e t )   t o   t h e  
combustor. 

c a dens i ty   r a t io  of 2.2, the  -pressure-loss  coefflcient was 10.8 and 

- 

Combustion efficiency. - The ef fec t  of combustor configuratione 
and combustor inlet-air pressure  profiles on combustion efficiency is 
shown in figure 13. In order t o  enable a d i r ec t  camparison of the  
d i f fe ren t  COInbUStOrs and inlet-air pressure  profiles  irrespective 
of differences in inlet pressure,  temperatures, or veloci t ies ,  the 
combustion correlation parameter P4T*/V% was used. This combustion 
parameter is derived in reference 3 .  As wlll be  sham  la ter ,   there  
was an  addi t ional   effect  of fue l - a i r   r a t io  on combustion efficiency. 
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Inasmuch as the  various  configurations were investigated  at  the same 
flight  conditions, and over  the  same range of  engine  speeds  and 
exhaust-nozzle areas, the  fuel-air  ratios  for  each of the  configura- 
tions were essentially  the same for any given value of  cambustion 
parameter  shown in figure 13. The data  show  that for the  con- 
figurations  and pressure profiles  studied  there was no effect  of  these 
variablee on com’tiustim  efficiency.  Combustion  efficiency  remained 
approximately  constant  at 0.98 far  values of combustion  parameter 
greater  than 34,000 pounds-OR-second per cubic foot,  and  decreased 
for values of  combustion  parameter  below 34,000 pounds-%-second  per 
cubic  foot to 0.60 at a combustion  parameter  of 8400 pounds-%-second 
per  cubic  foot. 

Performance  of  the  Prototype J40-WE-8 Turbojet-Engine  Combustor 

The results  presented in the  previous  discussion  were  obtained 
during  the early phase of the  investigation  which  consisted of a cam- 
pressor development  and  combustor  evaluation  program of the XJ40-WE-6 
turbojet  engine. From this p a r t  of the  investigation, a8 mentioned 
previously, a configuration  comprised  of  compressor 1 and ccanbustor A 
was selected  for  the  prototype J40-WF,-8 turbojet engine. This con- 
figuration was chosen  because of improved cqreasor surge  character- 
istics,  elimination of cambustor-outlet  temperature  inversion  (refer- 
ences 1 and Z), and satisfactory  mechanical  reliability of the  com- 
bustor. A peflomnance emluation of thie  confi@zration waa obtained 
over a wide range of flight  and  engine  operating  conditions and is 
presented  in  the  following  section.  Most of the  performance  data  are 
presented  at an exhaust-nozzle  area of 534 square  inches  (open  nozzle). 
The trends of the  data  for all the  exhauet-nozzle  areas were similar, 
but the  effects  on  the  combustor  performance  were somwhat greater 
with  the  open  exhaust-nozzle  area.  Data f o r  all  eXhaust-nozzle  areas 
are premmted in table I. 

0, 
N 
N cn 

Combustion  efficiency. - The effects of corrected  engine  speed, 
altitude,  flight  Mach  nuniber,  and  exhaust-nozzle  area on combustion 
efficiency  are  shown in figure 14. Although  flight  condition,  engine 
speed, and exhaust-nozzle  area  are  not  basic  combustor  variables,  the 
data  in  figure 14 are shown in order to illustrste  the  variation in 
performance of the  combustor in an engine. The  variations  in  cam- 
bustion  efficiency  for 8 given  ccanbustor  configuration  are primrily 
due to changes  in C~bUBtOr-iIIht preamre, temperature,  Velocity, 
and  fuel-air  ratio as will be  discussed  later.  At a flight  Mach 
number of 0.62 and  exhaust-nozzle area of 534 square  inches,  cambustion 
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N cn 

efficiency  decreased  from 0.98 at 15,000 feet  to 0.83 at 55,000 feet, 
at a corrected  engine  speed of 7600 r p m  (fig.  14(a)). The effect  of 
altitude on combustion  efficiency  becomes  even  more  pronounced at the 
lower engine  speeds.  Although  the  variables,  flight  Mach  number  and 
exhaust  nozzle  area,  also  affect  combustion  efficiency,  the  effects 
are less pronounced than tho  altitude  effect as shown in fig- 
ures 14(b) and 14(c), respectively.  At a corrected  engine speed of 
7600 rpm and at an altitude  of 35,000 feet,  (fig. 14(b)) a change in 
fli@;ht Mach  number from 0.17 t o  0.99, .increased  combustion  efficiency 
from about 0.955 to 0.995. figure 14(c) , which  shorn  the  effect 
of  exhaust-nozzle  area on combustion  efficiency  at 35,000 feet  and 
flight  Mach  number of 0.62, conibustia  efficiency  increased from 
about 0.97 to 0.98 as  the  exbust-nozzle  area was reduced from 534 
to 420 square inches  at a corrected  engine  speed of 7600 rpm. 

Combustor  pressure-loss  characteristics. - Combustor  pressure- 
loss characteristics a r e  presented Fn terms of engine parameters in 
figure 15 and  of  combustor  parameters in figure 16. In both  figures 
the  pressure-loss  characteristics  include  the  pressure loss due  to 
(1) the  diffusion  process  from  the  combustor  inlet  (compressor  outlet) 
to  the  combustor  basket, (2) mixing  and  turbulence in the  combustor 
basket,  and (3) momentum  pressure loss associated  with  the  burning 
process. For  all  flight  conditions  and  exhaust-nozzle  areas,  the 
combustor  total-pressure-loss  ratio (P4 - P5)/P4 decreased  with 
increasing  corrected  engine  speed  above a corrected  engine  speed  of 
about 6OOO rpm (fig. 15). For example,  at an altitude  of 35,000 feet, 
flight  Mach  number of 0.62, and  exhaust-nozzle area of 534 square 
inches,  the  combustor  total-pressure-loss  ratio  decreased  from 0.040 
to 0.031 as  corrected  engine  speed  increased  from 6000 to 7400 rpn 
(fig. 15). This  reduction  in  pressure-loss  ratio  with  increasing 
corrected  engine  speed may be  attributed  to a more  favorable  combustor 
inlet-air  pressure  profile  resulting in a more  efficient  diffusion 
process. A t  a constant  value  of  corrected  engine  speed,  decreasing 
altitude  (fig. 15(a)) or  increasing  flight Mach number  (fig.  15(b)) 
or  exhaust-nozzle  area  (fig. 15(c)), in general,  resulted in an 
increasing  pressure-loss  ratio. For instance,  at a corrected  engine 
speed  of 7000 rpm,  altitude af 35,000 feet,  and  flight  Mach  number 
of 0.62, increasing  exhaust-nozzle  area  from 367 to 534 square  inches 
resulted in an increase  of  total-pressure-loss  ratio f r o m  0.024 to 
0.036 (fig.  15(c)). 

The combustor  pressure-loss  characteristics are presented in 
terms  of  fundamental  conibustor  parameters in figure 16. The conibustor 
total-pressure-loss  coefficient  increased  as  the  conibustor  total-density 
ratio was increased  fram 1.0 to 1.9, reaching a maximum value  of 9.2 at 
a density  ratio of 1.9. For values of density  ratios  above 1.9 , the 
pressure-loss  coefficient  tends  to  decrease. From  theoretical  consider- 
ations  (reference4 ), the  pressure-loss  coefficient should vaxy linearly 
with density ratio. Possible factors i.n the disagreement are that the 
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a 

efficiency of the  diffusion  process, as w e l l  as the mixing and turbulent 
losses in  the combustion, varied as the   dens i ty   ra t io  was changed. 

" 

Correlation of Combustion Efficiency  with Engine Fuel-Air 

Ratio and  Combustion Parameter 

Because the  process of combustion is complex  and depends on many 
factors  it is di f f icu l t ,  if not  impossible, t o  determine a ccadbustion 
parameter which correlates combustion eff ic iency  for  a l l  f l i g h t  and 
engine  operating  ccmditions. However, acme of the  primary  variables 
affect ing combustion efficiency are considered in the  combustion 
parameter ~ 4 ~ 4 / ~ b  derived in  reference 3 .  ~n order t o  obtain a 
sat isfactory  correlat ion of combustion efficiency  with combustion 
parameter P ~ T ~ / v ~ ,  an  additional parameter,  englne fue l -a i r   ra t io ,  
was introduced Conibuetion efficiency is presented i n  figure 1 7  as a 
function of these two cmbustion  parameters f o r  two of the  cmpressor- 
combustor configurations  investigated. The data of figure 17(a) were 
obtained a t   a l t i t u d e s  from 15,000 to 55,000 f e e t  and flight Mach 
numbers from 0.17 t a  0.99. The data of figure 17(b)  represent a 
range of a l t i t udes  from 15,000 t o  45,000 f e e t  and flight Mach numbers 
from 0.17 t o  0.62. Although scatter is present,   particularly at low 
values of p&/Vb, the  curves for  several  narrow ranges of fue l -a i r  
ratio  provide a reasonably good correlation of t he  data. I n  general, 
the  data i n  figures 17(a) and l7(b) exhibit about the same magnitudes 
and trends. In  figures  17(a) and 17(b), combustor efficiency  begins 
t o  decline for v-alues of P4T&, below 34,000 pounds-%-second per 
cubic  foot. Below this value of P4T4/Vb, confbust ion  efficiency was 
sens i t ive   to   fue l -a i r  rat io, and above this value,   fuel-air   ra t io  had 
a negl igible   effect .  - 

~ " L  

The data  of f igure 1 7  are  presented in figure 18 with  fuel-air  
r a t i o  a s  the  abscissa i n  order t o  show more c lear ly  the ef fec t  of 
&e l -a i r   r a t io  on cmbustion  efficiency. Bedause suff ic ient   data  
were not   ava i lab le   to  completely  separate  the  variables, PqTq/Vj, 
and fuel-air   ratio,   each of the  curves  presented  in figure 18 is for 
a emall range of P4T4/vb. These data  indicate that over these emall 
ranges of P4T4/Vb there  was an optimum value of f u e l - a i r   r a t i o  
f o r  maximum combustion efficiency. For example, for a range of 

efficiency  varied from 0.50 t o  0.67 as fuel-air r a t i o  was Increased 
from 0.0066 t o  0.0112, and a f'urther  increase in f u e l - a i r   r a t i o  fram 
0.0112 t o  0.0156 decreased  cambustian efficiency frm 0.675 t o  0.55. 

P4!??& O f  6500 t o  7500 pOUndS-%-SeCOnd per Cubic foot, combustion 
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Combustion efficiency  probably  varied wlth f u e l - a i r   r a t i o  at a 
constant  value of cambustion parmeter because of l o c a l  r i c h  and lean 

regions may also be influenced by the degree of fuel  atomization. A t  
the  high  values of fue l - a i r   r a t io ,  some of the local regions in the 
primary zone are  probably  excessively  rich i n  fuel, and ccmibustion was 
incomplete  because of a lack of oxygen; whereas, a t  the lower  values 
of fue l -a i r   ra t io ,  some of the local reglons were too  lean f o r   e f f i c i e n t  
combustion. 

- fuel-air   ra t io   regions i n  the primary zone of the cambustor. These 

Comparison of  Several Combustars f r o m  Different  Turbojet  Engines 

Performance of four  different  current combustors is compared in 
figure 19. Combustion efficiency is shown as a function of combustion 
parameter P*T*/v~ a t  three d i f fe ren t  levels of fue1-a- r a t io .  
Combustor A was the  cmbustor ueed in the  prototype J40-WE-8 turbojet  
engine. Data for combustor M were not  available below a combustion 
parameter of 20,000 hbunas-OR-secona per  cubic  foot. 

Combustion efficiency of all conibustore shown was affected some- 
what by fuel-air  ratio,  probably  because  of  the  rich and lean combustion 
regions previously  discussed. This ef fec t  of fue l - a i r   r a t io  was - greatest a t  low values of  combustion parameter P4T4/Vb. 

For the  range of combustor operating  conditions  investigated, the 
performance  of  combustors A, M, and N was approximately  the same. These 
combustors  have f u e l   s y s t e m   t h a t  provide good fuel  atomization and 
distribution  over a wide range of m e 1  flows. Combustor P had a lower 
combustion efficiency than cambustors A, M, and N, especial ly  a t  low 
values of combustion parameter Ebnd fuel-air r a t io .  The low combustion 
efficiencies  experienced w i t h  cambustor P are fe l t  t o  be primarily 
a result of the  fixed-area  fuel  nozzles which  provide  poor  spray and 
penetration  characterist ics a t  low f u e l  flows. Of course, combustion 
efficiency is primarily a function of matchlng the  fue l  and air properly 
and not of fuel  injection  alone;  nevertheless,   for the combustors pre- 
sented, combustion efficiency is concluded t o  be  primarily dependent 
on the method of fuel injection  rather  than  the  type of combustor used. 

1. The effect of carbustor  hole-area  distribution and codus to r  
.I Met-air pressure  profile on combustor  performance was obtained  over 

a range of engine speeds a t  an a l t i t ude  of 30 ,OOO feet and a flight 
Mach  number  of 0.62: - 
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(a) The colnbustors with a lower percentage of to ta l   ho le  area at the 
I 

inner wall had a higher combustor-outlet  temperature  profile near the  
inner wall than  the combustor wTth equal  hole-area  distributicm;  the 
converse was true  near  the  outer wall. As the combustor i n l e t - a i r  
pressure profile wag lawered  (corresponding t o  a reduction i n  air  flow) 
at   the   inner   port ion of the  passage  height, the ccanbustor-outlet tem- 
perature  profile near the inner wall W ~ E  raised.  Similar  trends were 
encountered near the  outer wall. 

(b) Combustor pressure-loss  coefficient was not  affected  by  hole- 
area dist r ibut ion  but  was affected by to ta l   ho le  area and inlet-air 
pressure profile. For  combustors wi th   to ta l  hole area of 877 and 
809 square inches, the  preesure-loss  coefficient was 10.8 and 12.4, 
respectively, a t  a combustor dens i ty   ra t io  of 2.2. For changes in 
inlet-air   pressure  profile,   the  pressure-loss  coefficient  varied from 
10.8 t o  15.8 a t  a dens i ty   ra t io  of 2.2. There was no discernible  effect  
of these  variables on combustion efficiency. 

2. With compressor 1 and c d u s t o r  A, which was the configuration 
designated the prototype 540-WE-8, data were obtained  over a range of 
a l t i tudes  from 15,000 t o  55,000 f ee t  and flight Mach numbers from 
0.17 t o  0.99. 

(a) These data showed that, in  general, a change in corrected - 
engine  speed, a l t i tude ,   f l igh t  Mach number o r  exhaust-nozzle area i n  
order to   increase the conbustor-inlet pressure resulted in an increase 
in  combustion efficiency  except a t  high pressure  levels *ere combustion 
efficiency was constant. For example, at  a flight Mach  number of 0.62 
and an open exhawt nozzle (area, 534 sq in.> the combustion efficiency 
decreased from 0.98 t o  0.83 as altitude was increased fram 15,000 t o  
55,000 f e e t  a t  a corrected  engine  speed of 7600 rpm. 

(b) For a l l  flight conditions and exhaust-nozzle  ar.ea6, combustor 
total-pressure-loss  ratio decreased.as the corrected  engine speed 
increased above a corrected  engine  speed of about 6000 rpm. However, 
at a constant correc-t;ed engine speed, decreasing  altitude, ox increasing 
flight Mach m b e r   o r  exhaust-nozzle area, i n  general,  resulted  in  an 
increasing  total-pressure-loss  ratio.  A t  a corrected engine speed of 
7000 r p m ,  an a l t i t ude  of 35,000 feet, and a flight Mach  number of 0.62, 
an increase in the  exhaust-nozzle area from 367 t o  534 square  inches 
resulted in  an increase of combustor to td-pressure- loss   ra t io  from 
0.024 to 0.036. 

3. A good correlation was obtained when combustion efficiency was 
presented as a function of combustion parameter P ~ T ~ / v ~  and engine 
m e l - a i r   r a t i o .  These data indicated that at values of conibustion 

N 
0) 
R) aa 
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m parameter below 34,000 pounds-*-second per cubic foot  there was a 
fuel-air  ratio  that  resulted in an opt- combustion  efficiency for  a 
given value of combustion  parameter. 

x -  
5, 
L\) 
(3, Lgtrls Flight Propulsion mioratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio 
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APPEmDIX A 

SYMBOLS 

The follow3ng symbols a re  used in th i s   repor t  : 

cross-sectional area, sq f t  

specific  heat a t  constant  pressure,  Btu/(lb) (9) 
spec i f ic  heat a t  constant volume, Btu/(lb) (9) 

fuel-air r a t i o  

acceleration due to   gravi ty ,  32.2 ft/sec2 

enthalpy 

Mach n&er 

engine  speed, rpm 

t o t a l  pressure, lb/sq f’t ab8 

s t a t i c  pressure, lb/sq f t  abs 

theoret ical  dynamic pressure, lb/sq f’t ab8 

gas constant, 53.4 f t - lb / ( lb) (%)  

t o t a l  temperature, OR 

s t a t i c  temperature, OR 

velocity,  ft/sec 

a i r  flow, Ib/sec 

r a t i o  of specif ic  heats, cp/cv 

pressure correotion  factor, P/2116 ( t o t a l  pressure divided by 
etandmd sea-level preeeure) 
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b q efficiency 
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Subscripts : 

0 

1 

3 

4 

5 

6 

7 

b 

- 

C 

i 

t 

free-stream conditLone 

cowl inlet 

campressor inlet 

combustor inlet ,  compressor out le t  

combustor outlet ,  turbine inlet. 

turbine  out let 

exhaust-nozzle out le t  

burner 

compressor 

indicated 

turbine 
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APPENDIX B 

" I E O D S  OF CALCULATION 

MAW RM E52J07 

A i r  flow. - A i r  flow was calculated a t  s t a t ion  1 (fig. 2 )  by use 
of  the following equat ion  

I 

-6 flow downstream of the combuetor l e  

Combustor dpamlc  pressure. - Tzl order t o  calculate a combustar 
dynamic pressure, based on a combustor maximwn crose-sectional area of 
6.40 equare feet, a combustor Mach number was first calculated  with 
the  equation 

then 

and 

P4 = 
Y4 

t h e r e f o r e  
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'9 
U 
9 
U 

t 
Combustor-inlet velocity. - With the use of combustor Mach  number 

Mb, combustor-inlet Velocity u&8 determined from the f O l l o w i n g  eguatia:  

Vb = Mbm 
where 

Turbine-inlet  temperature. - Turbine-inlet temperature was calcu- 
lated from the following  equation, which  assumes  canqlressor and turbine 
work equal: 

15 = c p y c  (Tq - TI) + T7 
wt3,5 C P , t  

Combustion efficiency. - With the assumption that the  cmpressor 
and turbine work axe equal, combustion efficiency is defined as the 
ratio of the  actual enthalpy r ise  of the gas while passing through 
the engine t o  the  theoretical  increase in  enthalpy that would result - from complete  combustion of ths  fuel change. 

flb = 
actual enthalpy r i se  of the gas across  the engine 

heat input 

- 36+€+ 41; + b f  EdT7  % 
- 

18,700 Wf 

where  18,700 Btu per pound of fuel  i s  the lmr  heating value of the 
fuel. 

then . . . . -" 
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4122 
4207 
4223 
4234 

4243 
4251 

4308 
2477 

2647 
25  73 

2850 
2678 
2702 
2429 
2294 
2216 
1776 
1353 

so8 
820 
705 

3087 
5049 
3180 

=? 

W a u l a t s d  

rutlet t o t a l  
combustor- 

temperature 

1333 
1323 
1403 
1476 
1m 
1580 
1a3 

1298 
1567 
1450 
1855 

"" 

"" 

"_ 
1157 
1230 

lzm 
1297 

1527 
1055 

1082 
1m5 

1115 
1170 

1290 
1253 

900 
7-30 

1915 
1970 
1570 
1650 
1707 

1a08 
1808 

"" 

"_ 
1882 

1817 

17W 
1818 
1025 
1877 
1863 
1499 
1420 
1571 
1249 

1210 
119e 

1200 
120(1 

1493 
1533 

1880 

1555 
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- 
F U d  
ilOW 

:m) 4 

- 
3255 
4m 

3 l l 5  
2715 

35x1 
3M5 

5760 
4340 

3905 
4370 

4680 
4615 

4985 
5530 

3505 
5555 

3495 
4030 
4470 
5150 
3200 
3715 
4045 

2895 
2885 
3365 
3530 

4345 
3700 

2625 
2605 

310 
3055 

3520 
3860 
4975 
1380 
2395 
2660 
3080 

1710 
1680 

2140 
1945 

3095 
2440 

ll60 

1287 
1360 
1593 
1668 
-4 

773 
524 m 

2255 
2460 
2430 
2705 

3130 
2e40 

3130 
3lSO 
3270 
3255 

47x1  

s g l a  

n m  

-E% 
1750 
2Q10 

2070 

l302 
1450 

1229 

789 
935 

740 
728 
683 

1799 
1802 

1905 

2010 

2on 

- 

izzi 
out l e t  

Lmpera 
t o t a l  

ture  
' 6  
(OR) - w25 
1535 
LUB 
1217 
1516 
1392 

1222 
1499 

1257 
1308 
1386 
1593 

1527 
l425 

l l 7 7  
1537 

Ll82 
1259 
X566 
1474 
u 5  

1521 
12u 

u 2 4  
LlP l lm 
1209 
l l 8 9  

1270 

1077 
1068 

1222 
n&5 
1240 
1321 
1529 

1060 
1129 
1219 
1408 
941 

1W 
936 

1075 
llSS 
1502 

874 
e43 
908 
954 

1052 
990 

IlL1 
790 

" 

- 

* 
1253 
1281 
1264 
1362 
1411 
1492 
1501 

1550 
E 4 7  

" * 
15'33 
1509 

1558 
1565 

1155 
1217 

ll22 
1024 

1095 
1011 

llo2 
EL30 
XXM 
l2u 
1262 

Emlne 
u a 1 4  
r a t l o  
f/a 

- 
5.0112 

-0144 
. 0 9 2  
.0107 
-0122 
-0135 
.OEO 
-0099 
-0103 
.0114 
. O m  

.Ol30 

.OX% 

-0146 
.01l5 
.alga 
. a x 4  
.OlW 
. O m  
. O l M  
.me9 
. O U  
. a 0 2  

-0131 
.00M 
.ma3 
- 0 9 6  
.OlW 
. a 0 7  

"78 
.0078 
-0089 
-0101 .a04 
.0116 
.0150 
-0044 
-0077 
.ME7 
.0101 
.0130 

.061 

.m60 

.W78 

.0089 

.0113 

.W52 

. w 5 2  

.W58 

.W61 

. 0 7 1  
-0077 
.0088 
.m4a 

"I 

m m  

# 
.0106 
.on5 
. O m  

.ou9 

.OX29 

.0148 

.0148 
-0l45 
-0155 

a + i E  
.0154 
.0133 

,0168 
-0156 
.on0 
.0102 
. 0 9 8  

.W98 
-0089 

.0143 

.0160 

.0106 

.om4 

.01os 

.01ll 

:&bustor 
t o w -  
measure- 

loss 
:=rrio- 

x (Pr-Ps) 
I& 

10.10 
9.096 
9.577 
9.727 
9.548 
9.647 
9.578 
10 -00 
10.55 

9.766 
9.92l 
9 -801 
9 .m 
1.216 
8.589 
9.962 

10 -080 
9.750 

9 . a 4  
9.748 
9.919 

9  -874 

9  .187 
9.404 

9.748 
9 . m 7  

10.04 

10 -26 
10.18 

udbustor 
t o t a l  

IensltJ 
r a t i o  
P J P 5  

1.972 
2  -180 

2 .OM 1.903 

2.138 
2.250 
2.354 
1.893 
1.824 
1.985 
2.060 
2.095 
2.124 
2.154 
2.223 
1.8&0 

1.95 
1.859 

2.070 
2.173 

1.909 
2.028 
2.133 
1.794 
1.785 
1.880 
1.910 
1.979 

"- 

mbustioll 
CtiClMcy 

nb 

W e  - 
i n l e t  
. i r  flfn 

lb/eec) 
%,I 

en .en 
79.66 
81.97 80.51 
Bo J 9  
78.96 

lo5 A 4  
80.15 

105 .so 
106.33 
105.51 
105.21 
106.61 
m . 1 2  

lo4 -08 
106.21 

103 -84 
103 4 6  

102.58 
103.79 

1 0  -25 
lo1 .n 
100.66 

95.92 
99.94 

9 7 . w  
96 -80 

98.14 
96.43 

92.80 
93.31 

94.06 
94 -58 

94.13 
92.70 
92.15 
86.62 
85.96 
65.24 

83.62 
e4 .U 

77.66 
77.76 
77.58 
76.37 
76.41 

61.25 
75.89 

62.73 
61.83 
62.26 
61.90 
60.26 

44 .x) 60.71 

32.70 

58.88 
59.19 
59  .a7 

56.91 
58.06 

58.85 
58.69 

59.99 
58.57 

-" 

"37 

a 
36.29 
36.46 

56 -40 
36.46 
36 -84 
36.57 
35.50 
38.66 

22 A0 
29.08 

14 3 6  
12-67 
10.33 
47.20 
43.79 
47.51 - 

T O  jectee 
exhaust- 
nozzle 
area 

w in.) 
A7 

E2% 
449 
536  
475 
438 

388 
u 4  

554 
Sll 
479 
435 

442 
us 

416 
422 

556 
534 
479 
449 
422 
5% 
479 
449 
422 
536 

479 
!%?a 

449 
422 
536 
534 

449 
479 

442 
420 
567 
534 
479 
449 
4 19 
367 
556 
5% 
479 
449 
419 
367 
538 

479 
554 

418 
449 

392 
T67 
536 

4n 

475 
505 

475 
451 
438 
426 
426 
426 
418 
418 

"e 
47s 
453 
453 
435 
435 
534 
!j34 
534 
534 
534 
5% 
534 
534 
Ez4 
517 
510 

:ombustor 
t o t a l -  
)re s sure - 
.os8 rat1 
(P4-Ps) 

PC 

0.0355 

-0346 
. 0 2 w  

-0-2 
.0308 
a 2 9 4  
-0275 
.0372 
. a 7 4  
. W S  
.0339 
-0535 . o m  
. w 4 2  
-0277 
.0381 
.0372 .0355 
. a 3 3  
. a 1 4  
.0373 

-0348 
-0362 

. a 7 0  

.a13 

-0363 
.as77 

.om0 

.m 

.0328 
3 3 9 7  

:anbustor- 
u t l e t  tota 
preseure 

0.990 
.981 
.948 
.945 
-952 
.944 
-957 
.984 
-984 

. s74 

.967 

-987 
-988 
.978 . gs3 
.966 
-986 
.955 

.962 
-991 

.969 
-953 

1.- 
.967 
-961 

.958 
-975 

-957 
.970 

46,916 
62.127 

5575 
5874 
5054 
5179 
5323 
!X16 
5632 
6759 
6849 

7 l l 9  
7045 

7320 
7093 

7428 
74 74 
8513 
6521 

6932 

6250 
6492 
8550 
6848 
5880 
5928 
6156 
6269 
62% 

5589 
6540 

87m 

71.58 

40;491 
42,902 
45 * 493 

51.328 
47,820 

56i876 
57,958 60.822 
62.243 
61.959 
64,832 
83,880 
67,529 
53 .E72 

57.905 
53,426 

59.494 
64,460 
51,062 
52 ,538 
55,931 
6 0 . 2 3  
46.560 
47,371 
50,627 
52.- 
52,962 

9 .a30 1.753 

1.846 
1.942 
I .958 
2.097 
2.289 
1.690 

1.858 

2.185 
1.953 

" 

1.771 

.966 

.952 

.969 

.988 

.959 

.959 

.957 

44,025 

9.667 
9.821 

9.583 
9.510 

10.27 

47,183 
49.246 
50,895 
51.9'15 
59,193 
38,398 
39,436 
40,909 
U ,135 
(8,502 
31,468 
31,879 
33.330 
34,757 
37.370 
41,248 
22,540 
22,918 
23,602 
24,171 

' 26,522 
25,542 

27,953 
14,848 
11 519 

31,449 
32.098 
31,890 
34,452 
36.565 
36.485 
36,681 
36,024 
37,570 
37.517 

" 

5864 
5967 
6050 
6103 
6526 

SI25 
5046 

5176 

5818 
5352 

4365 
4321 

4313 
4514 
4678 
4920 
5267 
5323 
3252 
,3403 
3510 
55l2 
3626 
2257 

-"- 
3824 
3890 
3852 

4006 - 
3960 

4124 
4 l l 2  

4 l l O  
4164 :;: 
2505 
2585 
2590 
2812 
2632 
P 5 9  
2225 
2148 
1712 
1306 
885 
797 
890 

3 w 2  
2965 
5071 

.os70 

. O S 6  

.0362 

.0328 
-0289 

.0388 

.0374 

-0356 .035c 
-0302 
-0383 
-0386 
-0365 
. m 7  
-0341 
.0321 
.0374 
.M13 
.0359 

.0339 
-0352 

. ox1  

.032E 
-0259 
.0238 
0266 .0250 
-0234 
.0261 

.0282 

.Mas 

.OPS 

.0266 

.0293 

.om5 

.m5 

.0267 
0279 
"64 
.0234 
.OW7 
-0247 
.02!59 
.M88 
.0301 
. a 0 7  
.0360 
.os47 

-0281 
A253 

.0213 

.0275 

.0276 

.0282 

.958 
-863 

.963 

.958 

"" 

9.159 
9.317 
9.487 
9.358 
8.776 
8.838 
8.802 
9.076 
9.429 

8.194 
9 A45 

8.984 
8.224 
8.267 
8.425 
8.921 

5 -825 
9.111 

6 .176 

6.W3 
7.410 
6 . E 5 5  
9.508 
7.197 
7.500 
9 . l l 8  
6.744 
6.744 
9.350 
8 .118 
8.395 
7.949 
7.692 

8.750 
8 3 5 4  

8.434 
8.519 
8 -718 

9.792 
9 . m  

::"2- 

10 .w 

10.95 
10.00 

7.798 
7.850 
8.018 

1.631 
1.734 
1.807 
1.886 
2.098 
1.679 
1.549 
1.6S4 
1.- 
1.768 
I .E26 
1.827 
1.505 
1.343 

I .986 
2.048 
2 . o s  
2.144 

2.284 
2.201 

2 -283 

"- 

.939 
-954 
.966 
.952 
.972 

.856 

.917 
-930 
.910 
.936 
-950 
.789 
.524 

0.963 . 980 

.986 

.972 

-939 
-954 

.968 

.972 

.so9 

"- 
.979 
-972 
.948 

0.972 
.992 
.958 
.968 
.990 
-990 

2.330 $.$g 
2.230 
2.328 
2.329 
2.396 
2.385 
2.034 
1.992 
1.959 
1.917 
1.955 
2 2 7 8  
2.257 
2.362 

2 .olo 
2.074 

"" 

a, 052 
23.523 
23,573 
=,e35 
24,055 
19.528 .947 

.932 

.929 

.e68 

.614 

.559 

.969 

.509 

1.OOO 
-971 

...~ 

. 7 n  

","_ 
17,882 
It, 123 
13.098 
9 " 7  
'7.028 
6.416 

24.592 
5,854 

- 
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I 

- 
87 

89 
88 

91 
90 

92 
93 

95 
94 

96 
97 

99 
98 

101 
100 

103 
10 2 

104 
105 
106 
107 

109 
108 

110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 

127 
Id6 

128 
129 
1x) 
151 
132 
133 
ls4 
ls5 

137 
136 

138 
139 
140 
14 1 

143 
142 

145 
144 

146 
147 
148 
149 
150 
151 

153 
152 

154 
155 
156 
157 
158 
159 
160 
161 

163 
162 

164 
165 

167 
168 

168 
169 
170 
171 
172 - 

- 
Ram- 

IPCBBUF 
r a t i o  
Pdpo 

- 
1.307 
1.301 
1.305 
1.298 
1.303 
1.299 
1.295 
1.294 
1.275 
1.286 
1.297 
1.293 
1.292 
1 .SO4 
1.299 
1.297 
1.297 
1.297 
1 .so0 
1.303 
1.295 
1.291 
1.293 
1.329 
1.282 
1.301 
1.292 
1.300 
1.302 
1.297 
1.313 
1.294 

1.294 
1.291 

1.500 
I.Z.03 

1.312 

1.302 
1.294 

1.303 
1.298 
1.304 
1.299 
1 .so9 
1.298 
1.310 
1.297 
1.302 
1.296 
1.296 
1.m 

1.852 
1.860 

1.879 
1  .865 
1.852 
1.852 

1.856 
1 .858 

1.&3 
1.861 
1.870 
1.857 
1.867 
1  .882 
1.872 
1 .a70 
1 .850 
1 .e55 

1.850 
1.883 

1 . E 3  
1.865 

1.846 
1.874 

1.865 
1 .a73 
1.857 
1 .873 
1.804 
1.857 
1.873 
1.861 
1.869 
1.645 

""_ 

- 

? l i g h t  

pressure umber 
s t a t i o  maoh 

Free-stree 

16 
l b  
PO 

(sP ft  

1.651 

.620 

.e25 

.622 

.627 

.623 

.619 

,600 
.619 

.611 

.621 

.616 

.8M 

.625 

.628 

.621 

.621 

.621 

.624 

.627 

.619 

.616 

.618 

.651- 

.607 

.625 

.616 

.624 

.6Zl 

.626 

.6S6 

.619 

.616 

.619 

.824 

.627 
"" . 636 
.626 
.619 

.627 

.622 

.623 

.628 

.633 

.622 

.621 

.a 

.626 

.621 

.621 

.652 

.985 

.982 

.994 

.988 

.982 

.982 

.984 

.sa4 

-986 
.978 

-984 
.990 

.996 

.989 

.99l  

.990 

.981 

.982 

.981 

.996 

.988 

.982 

.992 

.979 

.988 

.9w 

.984 

.992 

.992 

.984  478 

.986 
478 
478 

.978 

.9SQ 479 
478 

.997  477 

4 74 

4 78 
479 

480 
479 

480 
779 

478 
483 
484 
479 
478 
4 80 
480 
479 
478 
478 
479 

480 
479 
400 
481 

479 
478 

460 
481 
478 
479 
481 
478 
481 
482 
4Bo 
479 
479 

478 
478 
480 
478 

477 
478 

4 78 
476 
479 
479 

479 
479 

477 
479 

477 
479 
478 
477 
477 
480 

478 
481 

482 
480 

478 
479 

479 
478 

477 
477 
477 
4 78 
479 
476 
479 
477 
479 
477 
479 
477 
479 
481 
476 

477 

"- 

7260 
7260 
7260 
7260 
7260 
7079 
7079 

7079 
7079 

7079 
7079 
689? 
6887 
6897 
6897 
6897 
6716 

6716 
6716 

6716 
6716 

6534 

6554 
6 5 3 4  

6534 
6534 
6534 
6534 
6534 
6% 
6371 
6171 

6171 
6171 

6171 
5808 

5808 
5808 

5808 
5808 
5808 
5808 
5445 
5682 
5082 
5082 
5082 

5082 
5082 

3993 
SO86 
7280 

7260 
7260 

7280 
7260 
7260 
7260 
7260 
7079 
7079 
7079 
7018 
70 79 
6897 
6897 

8897 
6881 

6716 
6718 
6716 
6716 

6534 
6716 

6534 
6534 
6534 
65S4 
6534 
6171 
6171 
6171 
6171 
6171 
5808 

& 
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'orreated 
engine 

7848 

7870 
7870 

7834 
7863 
7667 

7667 
7688 

Bo(w 
7603 
7652 
7497 
7366 
7469 
7387 
7456 
7237 
7287 
7 p o  
7206 
7 260 
7089 

8978 
7089 

7024 
7011 
6990 
7011 
7063 
7024 
7018 

6634 
6696 

6602 
6665 
6665 
6302 

6298 
6296 

6209 
6267 

6273 

5875 
6267 

5514 
5509 
7287 

5480 

4316 
5483 

33s 
7645 
7587 
7638 
7630 
7587 

762S 
7360 

7687 
7433 
7454 
743s 
7440 
7461 
7249 
7263 
7235 
7269 
7052 
7065 
7059 
7045 
7045 
6854 
6861 
68BO 
6654 
6808 

64 75 
8887 

6480 
€480 
6480 
6517 
6104 

5428 

mepres6or- Combustor- 
n l e t   t o t a l  i n l e t   t o t a :  
mperature temperatura 

T3 
( O R )  

T4 
(-1 

444 
442 
442 
44 6 
44s  

440 
443 

445 
450 
450 
444 
459 
455 
443 
452 
444 
443 

449 
441 

444 
451 

441 
441 

449 
495 

451 
455 

444 
451 

449 
450 

449 
441 

455 
445 
446 
441 
442 
442 

454 
44 6 

445 
446 
446 
441 
492 
447 
455 
445 

444 
446 

445 
468 
4 75 
468 
4 70 
4 75 

471 
465 
471 
468 
471 
470 
467 
470 
468 
472 
467 
471 
469 
4 70 
472 
472 
472 
471 
468 
472 
4 78 

4 72 
467 

471 
471 
471 
465 

470 

774 

784 
784 

787 
794 
758 
754 

768 
758 

782 
784 
743 
756 
74 7 
775 
770 
7s4 
730 
742 
761 
756 
722 
717 
734 
751 
740 
748 

741 
745 

755 
762 
700 

724 
704 

715 

672 
735 

674 
669 

678 
698 
686 
709 
679 
619 

631 
625 

650 
6- 
648 
55 6 
499 
792 
801 
BOO 

813 
805 

819 
817 

814 
781 
783 
793 

804 
7s3 

777 
770 
784 
792 
750 
758 
766 
772 
781 
-I47 
745 
761 

771 
756 

703 
721 
727 

Ombustor- 
nlet total 

SI85 
m 1 5  
5511 
3273 
3615 
3054 
5023 
3098 
3065 
x 7 9  
3WO 
2929 
5893 
SO36 
3071 
3229 
2869 

aB(b0 
284 7 

3096 
2956 

2771 
2730 
2850 
2754 
2843 
2797 
"" 

2970 

3090 
2492 

2489 
2485 

2625 
2734 

"_ 

"" 

2135 
2197 
2164 
2260 

2025 
2337 

15cu 
1851 
1596 
1670 
1726 
1032 

4255 
763 

4316 

4486 
4391 

4860 
4668 

"" 

"" 

-" 
"_ 
4163 
4290 
4367 
4526 
4137 
4041 
4198 
4334 

3835 
3808 

3914 
3993 
4126 
3645 

"- 

1055 
983 

1103 

1320 
1153 

855 

1493 
660 

1543 

1670 
1572 

1700 
1813 
1825 
1825 

1443 
1428 

1540 
1610 

14 70 
1767 

u93 
1585 
1780 
1515 
1320 
1415 
1507 
1630 
1273 
1255 

3720  1350 
3820 1424 
3874 1563 
4187  1825 
3190  1153 

5x82 
5267 1230 

1293 
5399  1577 
3658 
2691 

1643 

"I 

1592 
1880 
1700 
1698 
1833 
1460 
1450 
1550 
1534 
1668 
1780 

1405 
1400 

14 70 
1628 
1710 
1360 

1428 
1555 

1655 
1550 

13m 
1e.0 

1350 
1585 
1492 
1500 
1548 
1600 

1760 
1662 

1237 
1280 
urn 
1733 
1455 

"" 

" 

1127 
1a00 
1280 

1585 
1333 

1443 

- .. 

d 

U 

. .. .. 
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u) 
N 
u) 
N 

3138 

3227 
3226 

3320 
3183 

2966 
2933 

3024 
2928 

3094 
3165 
2838 
2800 
2856 
2988 
3164 
2773 
2754 
2806 
2875 
3042 
2880 
2&?5 

2788 
2698 

2710 
2750 

2925 
- 
3028 
2397 
2326 
2402 
2580 
2677 "_ 
"" 

P 5 1  
2050 
2090 
2199 
2302 
1969 
"" 

1522 
1628 
1539 
1612 
1676 
996 

4127 
737 

4175 

4364 
4265 

&543 
4543 

"_ 
"" 

"I 

4026 

4248 
4152 

4426 
3994 
3896 
4078 

3671 
4236 

3692 
3778 
3863 
4004 
3508 

35e4 
3693 

4089 
3733 

3065 
3148 

3299 
3217 

3557 
2582 

"" 

Pu.1 
f lor 

wm % 

- 
2220 
2ooo 

2220 
2310 
2605 

1690 
1882 
1855 
2 l l 5  
2450 
l580 
1563 

1990 
2275 
1515 
1480 

1825 
1620 

2 l l 5  
1427 
1360 
3.392 
1512 
1623 
I681 
1808 
I935 
2085 
2550 lam 
1245 
1385 

2070 
lS30 

958 
954 
9 l5  
loxl 
llo5 
1250 
1659 
1300 

750 
680 

753 
855 

1032 
611 

2330 
670 

2485 
2615 
2940 

3425 
2975 

3495 
3520 
2 m  
219C 
2 4 E  

3205 
w mx 
2515 
29x1 

1815 
2040 
2 m  
267: 

1640 
1640 

1825 
205c 

3M: 
2395 

1245 
143E 
15x 

247C 
1855 

9 Y  

1n3 

lno 

m 2  

2720 

moe 

- 

hrbiae- Frojecta 
outlet exhaust 
t o t a l  nosrle 
empara- eres 
ture 

~ ~~ 

% 
T6 (sq in.) 

(-1 

1292 
1378 465 

478 

lux) 
1399 

457 

Ex, 
451 
422 

l l 7 4  
l l 7 7  536 

554 
1248 
1258 

482 

1574 
479 

1485 
449 

1128 
422 

1141 
534 

1203 L e 4  
517 

l340 
1428 

449 

llo3 
422 

1095 
538 

l l 7 2  
534 

1280 
479 

1583 
449 
422 

1075 
1046 

536 
534 

lo78 534 
l l 3 8  
u 9 0  

479 

1240 
467 
449 

1288 
1531 

43.5 
422 

1395 
1492 

408 

992 
388 
534 

lo47 
ll42 

480 

1220 
449 

l476 
422 

985 
367 

962 
536 

802 
636 

978  481 
534 

L122 
loa3 

422 
449 

us4 
1292 

367 
367 

861 
805 

536 

864  481 
534 

916 
979 a33 422 

367 
747 636 
807 536 
1205 534 
1256 494 
1278 
1571  449 

480 

1395 
1507 

442 

15m 
422 

1520 
414 

1151 
414 

1164 
534 
534 

124 6 479 
lE23 
LC67 422 

449 

u 9 4  479 
LLn 552 
1283 
1410 

449 
422 

1060 
1055 

534 
534 

1148 
1239 

479 

1368 
449 

1022 
422 

loo0 
534 

lo97 
534 

1171 
479 
449 

l3Ol 422 
-7 367 

912 534 
988  479 

449 

m n e -  
inlet 
,IF ilcn 

lb/sea) 
%,l 

46.96 
41.56 
47.49 
46.97 
47 -24 
47.10 
46.98 
46 A 5  
45.71 
46.15 

46.24 
46.65 

44.81 
46.56 
44.73 
44  .94 
45.58 
45.51 

44.32 
44.83 

44.50 
44.69 

44.18 
44.01 
42.88 
43 -56 
C2.59 
42.86 
43  -68 
49.11 

41.68 
43.09 

40 -14 
39.20 
40.03 
38.51 

38.00 
57-34 
37.31 
55 .so 
36.04 

X) .85 
34 .En 
29.98 
29 .C9 
29.72 
28.13 
28.79 28.00 
20.14 
15.81 
65.51 
64.47 

65.u 
6S.69 

64.58 
64.88 64.53 
65.29 

64 -76 
64 .OB 

64.85 
62.90 
64 A 7  
Bs.58 
63.77 
75.23 
62.64 
61.24 
82.03 
61.02 
60.86 

" 

59 .m 
BO .70 

59.22 
59 -65 
59.52 
57.99 
55.23 
55.00 
54.71 

52.38 
54.81 

53.38 
49.51 

:e- ~~ 

eat io  
r/a 

- 
0.0118 
.OlfO 
.a130 
.0153 
.0137 

,0101 
.01w 

.0113 

.0113 

-0127 
.0146 
. m 5  

.0106 
. m 7  

.Ol24 
-0141 
.W92 
.m90 
.a01 
.0114 
.0131 

.0086 

.W89 

.W88 

.0098 

.on0 

.om4 

.Oll7 

.0123 . oIz4 

.ox31 

.0078 

.0098 

.0110 
A149 

.0070 

.0088 
-0077 
-0086 
A096 
-0133 

.065 

.On7 

-0070 
.0064 

-0074 
.0082 

.008c .0108 

.0099 

.OU8 

-0107 
.0111 
.a125 
.0128 
.0147 
.0150 
.0150 
.0092 
.0094 
.0106 
-0121 
-0138 

.ma8 

.0099 

-0093 
-0131 

.W81 

.WE2 

.0093 

.0105 

.o1n 

.0076 

.m77 

. O M  

.0096 

.ou5 

.0153 

.0063 . 0073 

.0080 

.0095 

.0129 

.M61 

- 

0 .a148 
-0269 .02w 
-0273 
.0275 

-0298 
. a 8 8  

-0407 
.0134 

.0249 

.0287 

. 0 3 l l  
-0322 
.0267 
.0270 
.om1 
. O S  
.OU4 

.0274 
-0175 
. a 2 9  
.0109 
.OBOE 

.0327 

.03U 

.0152 

"01 

.0246 

.0099 

.Ogm 

.0172 
.om9 

"_ 

"-I- 

" 

""" 

" - 
.0092 
.M73 
.o342 

.a275 

.0316 

.0061 

.0139 

. o s 7  

.0347 

.0290 

. o s 9  

. W 1  .om1 

.0287 

.0327 

.0272 

.02m 

"" 

""" 

.0251 

.0268 

I" 

.0329 
-0322 
.0277 
.0221 

.0359 

.0346 

'.0249 
.0291 

.a60 
-0368 
.0348 
-0326 
.0296 
.OS71 "_ 
.OS66 
.0333 
.ma 
.M34 
. a 9 2  
-0364 
.0345 
.029C 
.0276 
.0405 

- 
m h s t o l  
O ta l -  
'ensure- 

miria- 
loss 

k t  
:P4-P5) 

F 
4 A 3 4  
8.318 
7 -850 

9 . X 8  
8.571 

8.224 
8.257 

3 -905 
8 .OU 
8 . a 8  
8.329 

7.570 
8.354 
6.842 
8.972 

l l . 8 9  

a .a57 

17 3 7  
8.406 

""- 
9.300 
8 .a78 

4.688 

7.045 

6.778 
9.694 

10 .Ooo 
5.172 
7 -308 

-" 
_"" 

"" - 
6.977 
9  .§45 

9.2% 
7.722 
9 -286 
10.16 
" 

8.841 
3.382 
8 .BO8 
9.355 
8.475 
8.182 
8.125 
8.101 
Q -276 
8.182 
7.974 

8.014 
8.562 

- 
" 

8 -859 

8 345 
8.903 

6-849 
9.597 
9 . U  
5.755 
7.500 
9.133 
9 -097 
9.315 
9.286 
8 .852 
9  .I84 

9.577 
9 -203 

7.903 
9.259 
8.815 
8 -779 

8 -785 
7.937 

8.651 

10.37 

- 

m b u t c r  
total 
lenslty 
r a t i o  
p J p 5  

2.202 
2.088 

2.224 
2.219 
2.374 
1.9.93 
1.382 
2.104 
2.030 
2.192 
2.328 

2 . o n  
1.918 

2.159 
2.267 
1.917 
1 . 9 m  

2.094 
1.914 

2.229 
1.905 

1.929 
1.872 
2.015 
2.069 

2.192 

2.357 

1.8Ba 
1.Ml  

1.975 

2.408 
2.077 

" 

"- 

"" 

- 

"_ 
" 

1.740 
1 . E 2 0  
1.899 
1.997 
2.299 
2.194 

1.636 
1.663 
1.760 
1.884 
2.095 
1394 
1.370 
1.943 
1.991 
2.023 
2.133 

2.276 
2.28s 

- 

"_ 
"" 

1.908 
2  -007 
2 -088 
2.248 
1.960 
1.872 
2.004 
2.241 
3.818 

1.915 
2 -018 
2.151 
1.777 

1.866 
1.949 
2.164 
2.587 

1.756 
1.664 

1.941 
1 .E43 

2.265 
1.552 

"" 

"_ 
"_ 

0.973 
.984 

1 .cas 
-953 
.986 
.974 
.984 

. 9 m  

.982 

.992 

.982 

.961 
-939 
.970 
-974 
-954 
.954 
.970 
.9M) 
.986 
.976 
.952 
.932 
.939 
.934 
.954 
.956 
-968 
.983 

-957 
.964 

. 9 l  

.913 

. 9 3  

.947 

.953 

.919 - 

.979 
-919 
.933 

-918 
.928 

-882 

" 

.742 

.779 

.a19 
-856 
.a95 
.471 
.172 

1.005 
.990 
.986 
.983 
.987 
.978 
.972 
.975 
.988 
.989 
.990 
.960 

1.004 
.98B 

1.184 
.982 

.992 

.9m 

.952 

-990 
-977 

-996 
.958 
.910 
.988 
-972 

.982 

.977 

.sa 

.915 

-967 
.949 
-979 
.a53 

~~~. 

28,211 

27.e43 
27,877 

27,570 
w . 2 1 1  

23,537 
24,187 

24,780 
24,886 

2 6 . m  
28.851 
22,330 
22,552 
23,854 
25,660 
28,145 
21,739 
21.519 
22,641 
23.790 
25,954 
20.825 
20,362 
22,046 
21.416 
22.246 
21.990 

24.280 
" 

27,211 
17,947 

19,260 
18,704 

20,738 
23.644 

" 

"I 

" 

14.693 
15,576 
15,980 
17.020 
19.799 
16.069 
"L 

10,223 
10,990 
10,930 
11.783 
12,823 
6.369 
4;462 

33,498 
35.130 
35.720 
37;114 

40,589 
40,700 

"" 

"- 
"" 

32,596 
34,262 
36,395 
38.527 
32.707 
50.950 

36,185 
28,251 

28,380 

30,287 
28,373 

31,901 
33,626 
26,732 ""- 
28.1 
23.7 
30.8 

23 2 
2 2 . 4  

30.4 
25.1 

17.5 

38.e 

2.4 

- w 

- 
RUn 

-B;i 
88 
89 
90 
81 

93 
92 

94 
95 
96 

98 
97 

100 
99 

101 
102 
103 
la 
105 
106 
107 
108 
109 

511 
110 

112 
113 
114 
ll§ 
116 
117 

119 
118 

120 
121 
122 
1 E  
124 
125 
126 
127 
128 
129 
lso 
131 

133 
w 2  

134 
3.35 

137 
136 

3.38 
139 

141 
14C 

142 
143 
144 
145 
148 
147 

146 
148 

151 
16C 

153 
15: 

154 
155 

157 
1% 
159 
16C 
161 
162 
163 
184 

16€ 
161 
16€ 
168 
17C 
171 
172 

15e 
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- 
mu 

- 
174 
17: 

17t 
17( 
17; 

171 
171 

1N 
181 
18: 

% 
185 
18€ 
1.3; 
la 
18s 

191 
1SC 

192 
19: 
194 
19e 
19E 
197 
19E 
19s 
XM 
201 
x12 
x13 
Ea4 
205 
206 
2 0 7  
x18 
209 
210 
211 
212 
2l3 
214 
215 
216 
217 

219 
2 2 0  
22 1 
222 
223 
224 
225 
?26 
227 
?28 
229 
2 3 0  

21 e 

% 
33 
5 4  
!35 
!3 6 
3 7  
Be 
!39 
!40 
?4 1 
!42 
!4 3 
!44 
!4z 
!4 6 
!47 
!48 
!49 
!50 
!51 
152 
53  
854 
'55 
'5 6 
'5 7 
'58 

- 
Ram 

?resaw 

2; 
- 
1.868 
1.880 

1.868 
1.863 
1.872 

1.876 
1.868 

1.854 
1.854 
1 .a50 

1.287 
1.299 

1.284 
1.288 

1.289 
1.309 
1.299 
1.291 
1.286 
1.282 
1.277 
1 .a93 
1.500 

1.287 
1.296 

1.302 
1.3001 
1.288 
1.290 

1.294 
1.283 

1.283 
1.285 

1.288 

1.298 
1.296 

1.289 

1.299 
1.303 

1.296 
1.278 

1.291 
1.288 

1.296 
1.278 
1.295 
1.296 
1.299 
1.301 
1.327 
1.311 
1.502 
1.500 
1.500 
1.311. 
1.289 w 
1.270 
1.299 
1.282 
1.258 
1.301 
1.290 
1.288 
1.294 
I .266 
L .280 
1.283 
L.300 

L.324 
1.287 
1.502 
1.295 
1.266 
1 .so9 
1 . x 9  
1.314 
1.315 
1.- 
1.295 . .279 - 

A 

?li& 

lmbe 
mact 

n, 

1.895 
.gas 
.889 
.987 
.891 
.sag 
.993 

.983 

.983 

.881 a 
,612 

.a .62S 

. a 4  

.609 

.623 

.633 
-618 
. 6 l l  
.607 
.602 
.618 
.624 
.62l  
.612 
.626 
.625 . 815 
.614 
.so8 
.619 .6u) 
.me 
. e l3  
.603 
.821 

.el4 

.627 

.623 

.619 

.621 

.616 

.615 

.619 

.603 

.619 

.621 .623 .625 

.#9 

.634 

.826 

.624 

.624 

.6S4 

.614 

5%. 
.595 .e3 
.582 
. sa7 

.625 

.614 

.615 
-619 
.591 
.605 
.Bo8 
.624 
&l.L 
.62% 
.647 
.612 
.626 
.619 
-541 
,633 - 833 
,637 
,638 
,628 
I619 
,604 - 

476 
477 
478 
480 

479 
478 

478 

479 
4 78 

481 - 
290 
289 

292 
289 

290 m 
289 
290 
290 
281 
298 
280 

239 
291 

280 
287 
289 
230 
291 
291 
289 
288 
289 

290 
269 

291 
290 
287 
289 
291 
289 
289 
288 

291 
291 

291 . 287 
z88 
286 
288 
289 
294 
291 
288 
287 

a89 

227 
223 
225 
229 
222 
222 
2% 
222 
2% 
225 
226 
22.6 

163 
161 
174 
175 
178 

188 
168 

168 
162 
164 

168 
169 

170 

- 
rnsir 
lpeeC 
N 

:rptll) 

- 
S a 6  
5808 

5806 
5806 

3082 
5082 
5082 

5082 
5082 

m o a  

E 
7260 
7260 
7260 

7260 
7260 

7280 

7260 
7280 

7260 
7079 
7079 
7079 
7m9 
70?9 

6897 
7079 

6897 
6897 

6897 
87lE 
6716 
6716 
67lR 
6716 

8534 
6534 

8534 
m 4  

8534 
6171 

8171 
6171 

5980 
8171 

5aOa 
5808 
5808 
5808 
5808 
5808 
5445 
5082 
5082 
5082 
5082 
5082 

%-E 
728C 
7260 
7260 
7280 
7260 
7 2 6 0  
7260 
rm 
7079 
3716 
5808 
56Q8 imz 
7280 
1260 
7260 
7260 
1260 
1260 
r280 
7 2 6 0  
1079 
i716 
is34 
5608 
io82 

- 
6098 
6098 
6093 

8104 
6110 

5336 
5Js1 

5341 
5556 
5341 * 
7746 
7950 
7892 
7892 
7819 
7957 
7950 
7821 
7913 
7674 
7695 
7582 
7716 
7824 
7716 
i407 
7525 

7518. 
7456 

7287 
7233 
7206 
7253 
7327 
7096 
7057 
7ox) 

7129 
7089 

6689 
6671 

8889 
67S3 
6541 

6290 
6302 

8307 
6296 
6342 

5855 
$337 

5524 
55oc 
547s 
5518 
s m  
+E" 
7942 
7913 
7950 
7950 
7928 

7850 
7828 
7752 
6991 
all 
85137 

7928 

%E" 
7870 
7928 
7928 
7942 
7863 
7885 

7681 
7841 

7514 
7U.6 
a 2 5  
5519 

.. . .-  

:capreasor 
M e t  tota 

4 71 

472 
471 

469 
4 70 
4 72 

4 70 
471 
470 

471 - 
4% 
413 
439 
43 9 
447 
432 
433 
436 
437 
442 
43 9 
452 
437 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
1 
4 
4 
1 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

-4 
4 

16 
,4 
17 
11 
17 
i l  
,5 
i6 
EO 
,5 
,6 
1 
6 
4 
82 
.2 
i6 
i5 
,1 
5 
0 
2 
85 
6 
7 
9 
S 
7 
0 
5 e- 

437 
433 
435 
433 
4s5 
433 

455 
435 

479 
482 
436 - 
442 
436 
435 
434 
443 

445 
u 3  

2: 
438 
438 
440 

. " 

kmbustor- 
lnlet  tota 

696 
699 
699 
702 

SS9 
718 

644 
645 
845 
647 - 
767 
790 

781 

796 
783 

781 

787 
792 

759 
790 

754 
774 
786 
786 
785 
760 
75s 
786 
774 
7z4 
745 
767 
756 
759 

733 
721 

75 7 
740 

741 
709 
714 
712 

22 
673 
6 78 
687 
687 

706 
685 

675 
650 
634 
647 

631 
636 - 
797 
783 

784 
794 

7 s4 
Boo 
Boo 
796 
759 

750 
789 

681 - 
798 

804 
7s3 

805 
801 

sa 
8(12 
778 
740 

683 
750 

63+ 

CmbUbtor- 
Inlet   tota 

2802 
2767 

2873 

3092 
2969 

1983 
2Q18 
2043 
2062 

-ik 1892 

1945 
1985 

2039 
2021 

2124 
2126 
2m 
2103 
1886 
1901 
1855 
1987 
I384 
20.98 
1796 
1886 
1915 
p 3 6  

1749 
1772 

1771 
1839 
1927 
1694 
1692 
1706 
1775 
1859 
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(a) side view. 

27 

(b) F m t  view. ( 0 )  Rear view. 

Pigum 2. - Enghe canbustor A. 
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(a) side view. 

(b) Front view. 

Figure 3. - wine cmbuetor B. - 
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co cu co cu 

(a> side d e w .  

. . .  C-30830 
(a)  Rear d e w .  

Figure 4 .  - mine canbustor C. 
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Combustor-basket length, pelicent 
F i g u r e  6. - Percentage of total ogen area of combustor baskets. 



Component 

Station 

Combustor 

1 \ 2 3 \  4 7 \Inlet-air duct CCompressor rlPurbine 
5 6 7 

Total- Static- Wall static- Thermo- 
Station Locat ion pressure  pressure  pressure couples 

tubes tubes orifices 
1 Inlet-air duct 29 1 2  6 10 
2 m i n e  inlet 18 0 4 0 
3 Compressor inlet 23 3 7 0 
4 Compressor out le t  18 0 3 6 
5 Turbine inlet 5 0 0 LO" 
6  Turbine outlet 20 0 8 24 
7 Exhsust-nozzle outlet  16 ,2 8 0 

a-2732 

"Sonic flar probes 

Figure 7. - Top view of turbojet-engine installation showing stations at which Instrumentation waa installed. 
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s 

Five  boundary-layer 
Kto ta l -pressure  tubes 

33 

(a) Stat ion 1, cowl i n l e t .  Diameter, (b)  Station 4, compressor out le t .  Pas- 
34 inches;  location, 6 inches down- 
stream of cowl-inlet  flange. .I 

sage  height, % inches;  location, 1 

2 inch downstream of t r a i l i n g  edge I 

I 

of fixed  vanes. 

0 Total  pressure 
0 Stat ic   pressure 

(c )   S ta t ion  5, tu rb ine   in le t .  Pas- (a) Stat ion 6, turbine  out le t .  Pas- 
sage  height, % inches;  location, 

1~ inches  upstream of leading % inches downstream of t r a i l i n g  
edge of first stage  turbine-nozzle edge of turbine  rotor .  
diaphragm. 

3 sage  height, % inches;  location, 5 

3 3 

Figure 8. - Location of instrumentation. Viewed looking downstream. 
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5 
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$2 g n o  

*' 8 90 

m m a  

m .-lo 
rl 
d k  a +  

j p  
0 0  
k 

(a) Combustor-inlet t o t d -   ( c )  Combustor-inlet to ta l -  
$ 4  pressure  profile. Engine pressure prof i le .  Engine 
P speed, 7260 rpm. speed, 6000 rpm. 

"" 

Passage height,  percent 

temperature profile. Engine temperature prof i le  . Engine 
speed, 7260 rpm. speed, 60d0 r p m .  

(b)  Combustor-outlet indicated (d)  Turbine-outlet  indicated 

Figure 9. - Effect of combustors on combustor-outlet  indicated  temperature  profiles. 1 

Altitude, 30,000 fee t ;   f l igh t  Mach number, 0.621 compressor, 1. 
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I. 

Com- N / f l  p4 TgYi Ts,i Total  hole  Inner- Outer- 
bus- (rpm) (lb/sq ft abs) area Wall 

(OP' (9) (sq in . )   mea 
Wall 

to r   a rea  . 
(percent)  (percent) 

0 C 7870  4341  1443 --- 877  46.5  53.5 

1646 "" 397  877 
d B 4765 

46.5 
1708 

53.5 - " - 400 809  50 .O 50 .O 

. 0 B 7964  4516 1420 --- 809 50 .O 50.0 .. 
6 c 4683 

ll0 

90 

(a)  Conibustor-uet  total-  (c)  Codustor-inlet  total- 
pressure  profile . Engine pressure  profile. -ne 
speed, 7260 rpm. speed., 4356 r p m .  

0 20 $0 60 80 100 
Passage  height , percent 

(b) Combustor-outlet indicated (a) Turbine-outlet  indicated 
temperature prof i le  . Engine temperature prof i le .  Engine 
speed, 7260 rpm. speed, 4356 rpm.  

Figure 10. - Effect of combustors on combustor-outlet  indicated  temperature  pro- 
fi les.   Alti tude,  30,000 fee t ;   f l igh t  Mach u d e r ,  0.62; compressor, 3. 
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a r l  u 
n o  Sr-4 al 

Qz" 
v o  
k 
+a, 
" 3  90 

(a) Combustor -inlet total-   (c)  Combustor-inlet to ta l -  
pressure  profile. Engine preesur-e profile.  Engine . 

speed, 7260 rpm. speed, 4356 rpm. 

Passage height,  percent 
(b) Combustor-outlet  Indicated  (a)  Turbine-outlet  indicated 

temperature prof i le  . Engine . .  temperature profile.  Engine 
speed, 7260 rpm. speed, 4356 rpm. 

Figure ll. - Effect of combustor inlet-air pressure  profiles on combustor-outlet 
indicated  temperature  profiles.  Altitude, 30,000 f e e t j  flight Mach number, 0.62; 
combustor, C.  
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(a) Effect of combustors  with  compressor 1. 

Figure l.2. - Qariation of combustor  total-pressure-loss  coefficient  with  density 
ratio for several  combustors.  Altitude, 30,000 feet;  flight  Mach  number, 0.62. 
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20 
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6" - 3 2.4 

(c)  Effect of in le t -a i r  pressure profiles wlth combustor C. 

Figuse 12. - Concluded. Vaxiation of combustor total-pressure  coefficient 
with  density  ratio  for  several  conbustors.  Altitude, 30,003 feetj  flight 
Mach number, 0.62. . .. .- ."..". . " -. ... . - 
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"_ . 
(a) Effect of altitude. Flight Mach nwiber, 0.62; eX?laut-nozzle 

mea, 534 s m  Fnches. 
.06 

.04 

.02 

exhaust-mzrle KCBE, 554 faquare inches. 

Corrected engine speed, N/@, r p m  
(c) Effect or  exhau&-mzzle area. Altitude, 35,000 feet; flight Mach number,0.62. . .  

Figure 15. - Combuetor pressure-loss characteristics in terms of e a n e  parameters. Fmhtype 
J40-WE-8 turbojet engine (compressor 1, combuetor A). 
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Combustion pameter ,  PIT&,, rtJ lb-%-sco 

(a) Prototme MO-W-0 turbojat ensine (oomprassm 1, ambustor A) .  
P i m  17.  - V a ~ l n t l o n  of o m b u s t l m  cfflalenoy rrith ccmbustim paranetor. 
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Figure 18. - Variation of combustion eif lalency with fuel-alr ratio for several  values of combustion 
parameter. Compressors 1 and 2 rrith cmbustors A and B ,  respectively.  
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(a) Fuel-air ratio range, 0.007-0.009. 

P 

(b) Fuel-air  ratio range, 0.011-0.015. 
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